1,1,5,5-Tetramethylcarbohydrazide (TMCH) is the main precursor of N-nitrosodimethylamine upon ozonation in the Yodo River basin, Japan. This study was performed to develop an analytical method for TMCH using solid-phase extraction with ultra-high performance liquid chromatography-tandem mass spectrometry. TMCH is hydrophilic and a tertiary amine derivative, so Oasis ® MCX cartridges were used as solid-phase cartridges. The recoveries of TMCH in tap and river waters as well as secondary effluent from a sewage treatment plant ranged from 75 to 94%. The limit of quantification of TMCH was 4 ng L -1 . The source of TMCH in the Yodo River basin was found to be effluent from one sewage treatment plant. The concentrations were < 4 ng L -1 in raw water from water purification plants in regions other than the Yodo River basin, indicating that TMCH was used specifically in the basin.
Introduction
N-Nitrosodimethylamine (NDMA) is one of the nitrosamines, a group of potentially carcinogens. 1 The 10 -5 lifetime excess cancer risk of NDMA in drinking water was reported to be 7 ng L -1 . 2 The maximum acceptable concentration of NDMA in drinking water in Canada is 40 ng L -1 . 3 The guideline value for NDMA reported by the World Health Organization is 100 ng L -1 . 4 In Japanese drinking water regulation, NDMA is an item listed for further study with an index value of 100 ng L -1 .
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NDMA is known to be a disinfection byproduct upon chloramination and ozonation in water. [6] [7] [8] [9] Compared to NDMA formation upon chloramination, reports of NDMA formation upon ozonation from water at water purification plants (WPPs) and sewage treatment plants (STPs) have been limited. [10] [11] [12] [13] In the case of WPPs in Germany, N,N-dimethylsulfamide (DMS) was shown to be an NDMA precursor upon ozonation. 10 In the case of the Yodo River basin, Japan, the effluent from one STP (STP A) was the main source of NDMA precursors upon ozonation, and 1,1,5,5-tetramethylcarbohydrazide (TMCH) was the main NDMA precursor. 14 The origin of TMCH at STP A was industrial effluent discharged into the sewage pipes connected to this plant. TMCH has two N,N-dimethylhydrazino functional groups, which are functional groups that produce NDMA during ozonation. 15, 16 In addition, two compounds, 4,4′-hexamethylenebis(1,1-dimethylsemicarbazide) (HDMS) and 1,1,1′,1′-tetramethyl-4,4′-(methylene-di-p-phenylene) disemicarbazide (TMDS), were also identified as being minor NDMA precursors upon ozonation in the Yodo River basin. 14, 17, 18 In a previous study, 14 TMCH concentrations were investigated only in primary, secondary, and final effluents of STP A. However, the results were the first report on the occurrence of TMCH in water. The NDMA formation yield of TMCH upon ozonation was around 140%; this was much higher than those of other reported NDMA precursors, such as DMS, HDMS, and TMDS. 10, 17 Thus, it is important to investigate the occurrence of TMCH in many types of water in Japan. In that previous study, 14 TMCH was determined using ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). As the samples analyzed were the effluents of STP, the samples were determined without concentrating TMCH and the limits of quantification (LOQ) of TMCH were 20 or 50 ng L -1 . 14 If the TMCH concentration in environmental water is determined, the development of a method for concentrating TMCH as a pretreatment of UHPLC-MS/MS is needed.
In this study, an analytical method for TMCH was developed using solid-phase extraction with UHPLC-MS/MS to achieve lower LOQ than that reported previously.
14 Using the analytical method developed here, the presence of TMCH in the Yodo River basin and other regions in Japan was investigated.
Experimental

Reagents
Ultrapure water was prepared using a Gradient A10 Ultrapure Water System (Millipore, Bedford, MA). Methanol (pesticide residue-polychlorinated biphenyls analysis grade and HPLC grade), and formic acid (LC-MS grade) were purchased from Wako Pure Chemical Industries (Osaka, Japan). An ammonium solution [28.0% (v/v)] was purchased from Kanto Chemical (Tokyo, Japan).
TMCH (> 99.5%) was synthesized on commission by Tokyo Chemical Industry (Tokyo, Japan). The chemical structure of TMCH is shown in Fig. 1 . Other reagents used were of analytical grade.
Analytical method of TMCH
Glassware (e.g., measuring flask) was used for TMCH analysis. It was confirmed that TMCH was not absorbed on the glass under both acidic [1% (v/v) formic acid solution] and neutral conditions. First, formic acid was added to the sample to a final concentration of 1% (v/v). In the case of river water and STP effluent, the acidified samples were filtered with hydrophilic polytetrafluoroethylene membrane filters (0.45 μm; Advantec Tokyo, Tokyo, Japan). Then, 20 mL of the sample was passed through an Oasis ® MCX cartridge (60 mg; Waters, Milford, MA) at around 1 mL min -1 . The cartridge was preconditioned using 10 mL of methanol and 10 mL of aqueous 1% (v/v) formic acid solution before use. The cartridge was washed using 5 mL of an aqueous 1% (v/v) formic acid solution and 1 mL of methanol after passing the sample. The cartridge was dried using nitrogen gas for 5 min. Elution was performed from the dried cartridge with 3 mL of a mixture of an ammonium solution and methanol (5:95 v/v). The eluate was concentrated to 0.1 mL at 40 C under a gentle stream of nitrogen gas, and filled up to 1 mL using ultrapure water. The final solution was analyzed by UHPLC-MS/MS (Acquity UPLC system and Acquity TQD tandem mass spectrometer; Waters). The analytical conditions of UHPLC-MS/MS were mostly the same as those described previously. 14 The analytical column was a BEH C18 column (2.1 mm × 150 mm; Waters) and the column temperature was 30 C. The mobile phase for UHPLC was (A) ultrapure water and (B) methanol. The flow rate of the mobile phase was 0.2 mL min -1 . The gradient conditions of (B) were as follows: 5% at 0 min, increased linearly to 10% until 6 min, held until 11.5 min, increased linearly to 100% until 12 min, and held until 15 min. The injection volume was 25 μL. MS/ MS was operated in the positive-ion electrospray ionization mode. The capillary voltage was 3.0 kV, the collision energy was 15 V, the ion source temperature was 140 C, the desolvation temperature was 400 C, the desolvation gas flow rate was 900 L h -1 , and the cone gas flow rate (argon) was 50 L h - 
Recovery test of TMCH
Recovery tests of TMCH in water matrices were performed using tap water [total organic carbon (TOC), 0.9 mg C L ) sodium thiosulfate solution (Wako Pure Chemical Industries) (final concentration: 160 mg L -1 ). The number of replicates for individual water matrices was five.
Occurrence of TMCH
Brown glass bottles were used for sample containers. To investigate the occurrence of TMCH in the Yodo River basin, six samples of final effluents of five STPs (STPs A -E) and eight river water samples (F -M) were collected in September, 2014 (Fig. 2) . In the case of STP B, two effluents were collected (STPs B-1 and B-2). Ozonation is applied at STPs C and E, and samples of water before ozonation were also collected from these STPs. The sampling points of J and K were the same bridge (Torikai-Ohashi Bridge), but on the right and left banks, respectively. Similarly, the sampling points of L and M were the right and left banks of Hirakata-Ohashi Bridge, respectively. The final effluent of STP A was collected again in December, 2014. Moreover, raw waters of 26 WPPs at 21 prefectures throughout Japan were collected in November to December, 2014. All of the raw water samples were surface water and the main drinking water sources in the regions.
Results and Discussion
Recovery of TMCH in water matrices
Linearity of the TMCH calibration curve was observed from 50 to 1000 ng L -1 (R 2 > 0.99) (Fig. 3) . The relative standard deviations (RSDs) of replicate analyses (n = 5) at 50, 100, 200, 500, and 1000 ng L -1 of TMCH were 7.2, 4.1, 4.2, 2.5, and 2.5%, respectively. The mean signal-to-noise ratio of 50 ng L -1 of TMCH of the replicate analyses was 21. TMCH is a highly hydrophilic compound. For example, the predicted logarithm of the octanol-water partition coefficient of TMCH using the US EPA's EPISuite TM is -1.73. 19 The predicted logarithm of the distribution coefficient of TMCH at pH 7.4 using the Advanced Chemistry Development, Inc. Percepta Platform is -0.80. 19 Thus, solid-phase cartridges for the concentration of hydrophobic compounds (e.g., C18 cartridges) were inappropriate. On the other hand, TMCH is a tertiary amine derivative (i.e., a compound with N,N-dimethylhydrazino functional groups). Thus, Oasis ® MCX cartridges filling mixed-mode (reversed phase/strong cation-exchange) water-wettable polymeric sorbents were used for solid-phase extraction.
20 Table 1 gives the results of recovery tests of TMCH in tap and river waters and secondary effluent (spiked TMCH concentration, 4 ng L -1 ; n = 5). TMCH was not found in the four water samples without spiking. The mean recoveries of TMCH in the four water samples were 94% (4.3%), 75% (8.4%), 84% (11%), and 82% (9.4%), respectively. The values in parentheses are the RSDs. It is described that RSDs required for organic compounds of standard and complementary items in Japanese drinking water regulation are ≤ 20% at LOQ. 21, 22 Also, according to the guideline for validation of drinking water examination method, 23 the goal value of the recovery test is in the range of 70 -120%. Since the RSDs and recovery values of TMCH in Table 1 were ≤ 20% and 70 -120%, respectively, the LOQ of TMCH was set at 4 ng L -1 .
Occurrence of TMCH in the Yodo River basin and other regions in Japan
The TMCH concentrations in river waters and final effluents of STPs in the Yodo River basin were investigated in September, 2014 ( Fig. 2 and Table 2 ). The TMCH concentration in the final effluent of STP A was 820 ng L -1 . On the other hand, the TMCH level was < 4 ng L -1 in the final effluents and water before ozonation of other STPs. TMCH concentrations in the river water upstream of STP A (i.e., F -I) were < 4 ng L -1 (Fig. 2) . However, in the river water downstream of STP A, TMCH was found on the right bank (7 ng L -1 for J and 8.8 ng L -1 for L) and was < 4 ng L -1 on the left bank (K and M). The results showed that the source of TMCH in the Yodo River basin was STP A. It is notable that at STP A TMCH was originally contained in the influent. 14 The occurrence of TMCH in raw water of 26 WPPs throughout Japan was investigated in November and December, 2014. The TMCH concentrations in all of the raw waters were < 4 ng L -1 . One of the 26 WPPs was located downstream of STP A of the Yodo River and the intake point of raw water was the right bank of the river, but the TMCH concentration was also < 4 ng L -1 . In addition, the final effluent of STP A was collected again in December, 2014, and the TMCH concentration was < 4 ng L -1 . It was reported that the TMCH concentrations in the final effluent of STP A in January and February 2014 were 70 and 86 ng L -1 , respectively. 14 TMCH is an NDMA precursor on ozonation.
14 At WPPs whose raw waters are affected by the effluent of STP A, the NDMA concentrations in water after ozonation were > 90 ng L -1 until April 2011, but subsequently decreased.
14 This indicated that the amounts of TMCH discharge through the effluent of STP A decreased, although the TMCH concentrations in September, 2014 were higher than those in January and February, 2014. In a previous study, 17 the occurrence of HDMS and TMDS, minor NDMA precursors found in the Yodo River basin, was investigated in river water throughout Japan. They were frequently detected in the Yodo River basin, but were also detected in other regions (e.g., the Tone River basin). This tendency was different from that of TMCH. Thus, TMCH was specifically found in water affected by the effluent of STP A in the Yodo River basin.
Conclusions
An analytical method for TMCH in water using solid-phase extraction, followed by UHPLC-MS/MS, was developed. The LOQ of TMCH was 4 ng L -1 . The source of TMCH in the Yodo River basin was effluent from STP A, although TMCH was originally contained in the influent. TMCH was not found in raw water of WPPs whose raw water samples are the main water systems other than the Yodo River basin.
